1. Introduction {#sec1-plants-09-01027}
===============

Fruits, in addition to their nutritional components, have phytocomponents that have biological properties and can exert a beneficial effect on certain systems in the human body. Diet is known to be an important factor in preventing cardiovascular disease and some cancers, Alzheimer's disease, and other neurodegenerative diseases. The antioxidant activity is one of the biological activities of the phytocomponents of fruits most studied \[[@B1-plants-09-01027],[@B2-plants-09-01027],[@B3-plants-09-01027],[@B4-plants-09-01027],[@B5-plants-09-01027]\]. Natural antioxidants are compounds that can be found in food and can prevent the oxidation of other molecules. Oxidation is generated because of the action of free radicals and other reactive oxygen species, causing oxidative damage to cellular structures, DNA, proteins, and other biomolecules \[[@B6-plants-09-01027],[@B7-plants-09-01027],[@B8-plants-09-01027],[@B9-plants-09-01027]\].

From phytochemical extractions and analysis of the phenolic profiles in fruits, it has been determined that the concentration of phenolic compounds varies depending on genetics (genus, species, cultivar, and genotype), environmental factors, and the state of maturity \[[@B10-plants-09-01027],[@B11-plants-09-01027]\]. The genetic factor is a factor that influences this characteristic since the main propagation method of blackberry plants is by sexual seeds, which implies genetic segregation \[[@B12-plants-09-01027]\].

The Andean blackberry fruit (*Rubus glaucus* Benth) is a native plant of the Andean region of South America belonging to the *Rosacea* family. This plant is widely cultivated in countries such as Ecuador, Costa Rica, and Colombia. The Andean blackberry has been cultivated in other tropical countries. The fruits present small drupes with a size of around 1.0 to 2.5 cm. The mature fruits are of dark red or purple color and have a good aroma and bittersweet flavor \[[@B13-plants-09-01027],[@B14-plants-09-01027],[@B15-plants-09-01027]\]. The fruits of the *Rubus* genus are considered nutritious and healthy foods for their biological properties. The large number of species and the genetic variability of the genus Rubus, with the intervention of nature and man, have led to the generation of a wide type of cultivars and hybrids with different characteristics \[[@B16-plants-09-01027]\]. The blackberry (*Rubus* sp.) has been studied as a good source of antioxidants for its significant levels of phenolic compounds, such as ellagic acid, tannins, ellagitannins, quercetin, gallic acid, anthocyanins, and cyanidins \[[@B17-plants-09-01027],[@B18-plants-09-01027],[@B19-plants-09-01027],[@B20-plants-09-01027],[@B21-plants-09-01027],[@B22-plants-09-01027]\].

Some studies suggest that the chemical structures of anthocyanins have an important influence on their biological activity; for example, mono-glycosylated and non-acylated anthocyanins are strong inhibitors of the growth and proliferation of colon cancer cells \[[@B23-plants-09-01027]\]. Häkkinen (2000) \[[@B24-plants-09-01027]\] mentions that the antioxidant and anti-carcinogenic effects of the fruits are attributable to the presence of phenolic acids and flavonoids present in the fruits. Garzón, Riedl, and Schwartz (2009) \[[@B25-plants-09-01027]\] have described the total polyphenol content (TPC) and anthocyanins in *Rubus glaucus* Benth as having values of 294 mg GAE/100 g FW and 45 mg/100g FW, respectively. They have also described the antioxidant activity of blackberry extracts using the ABTS and ferric reducing power (FRAP) methods with values of 2.01 and 4.50 mmol TE/100 g FW, respectively. Horvitz, Chanaguano, and Arozarena, (2017) \[[@B26-plants-09-01027]\] described the anthocyanin content and the TPC effects for maturity stages and storage conditions in Castilla Andean blackberries (*Rubus glaucus* Benth) grown in Tungurahua, Ecuador. They reported TPC with values between 446.00 and 736.00 mg GA/100 g DW depending on the maturity stage, temperature, and days of storage.

In Ecuador, there are four commercial varieties of blackberry (Castilla, Andimora, Colombiana, and Brazos) that are cultivated \[[@B27-plants-09-01027]\]. The blackberry of Castilla (*Rubus glaucus* Benth) is a fruit native to the tropical zones of America, mainly Colombia and Ecuador, and is distinguished by its dark red color and characteristic flavor \[[@B28-plants-09-01027]\]. In Ecuador, blackberry cultivation takes place in the valleys of the inter-Andean alley and in the foothills of the Sierra, in the provinces of Tungurahua, Cotopaxi, Imbabura, Pichincha, Chimborazo, and Bolívar \[[@B29-plants-09-01027]\]. The INIAP Andimora 2013 variety of blackberries without thorns comes from a mutation of a sexual blackberry from Castilla with thorns and a process of improvement by selection \[[@B30-plants-09-01027]\]; its fruit has a high content of soluble solids and vitamin C. The Colombiana cultivar also comes from a natural mutation and was produced by a selection process from wild blackberry plants; however, it presents a high variability of the species depending on the size, color, and quality of the fruit \[[@B31-plants-09-01027]\]. The Brazos blackberry (*Rubus* sp.) is a different species of blackberry obtained by crossing high-quality hybrids that gave rise to a large fruit but with a lower content of soluble solids \[[@B32-plants-09-01027]\].

The objective of this study was to evaluate the effect of the ripeness state of the fruits on the contents of TPC, total flavonoid content (TFC), and total anthocyanin content (TAC) in four blackberry cultivars, to establish the antioxidant activity at the different states of maturity for each cultivar.

2. Materials and Methods {#sec2-plants-09-01027}
========================

2.1. Chemical Reagents {#sec2dot1-plants-09-01027}
----------------------

Deionized water obtained through a Milli-Q Academic water purification system (Millipore, Sao Paulo, Brazil) was used. The standards of (+) catechin, gallic acid, cyanidin-3-glucoside chloride, ABTS (2,2-azinobis-3-ethyl-benzothiazoline-6-sulfonic acid), and Trolox (6-hydroxy-2,5,7, 8-tetramethylchroman-2-carboxylic acid) used in the study were obtained from Sigma Aldrich (St. Louis, MO, USA). Analytical grade solvents and reagents were obtained from Merck (Darmstadt, Germany).

2.2. Plant Material {#sec2dot2-plants-09-01027}
-------------------

Four blackberry cultivars were used (Blackberry Castilla, Blackberry INIAP Andimora 2013, Blackberry Colombiana, and Blackberry Brazos) from the germplasm bank of the National Institute of Agricultural Research (INIAP), Quito, Ecuador. A total of 900 g of fruit was collected from the four blackberry cultivars ([Figure 1](#plants-09-01027-f001){ref-type="fig"}). The fruit was harvested at three stages of maturity, based on a subjective indicator of covering color based on the degrees of maturity established in the Normas Técnicas-Instituto Ecuatoriano de Normalización (NTE INEN) 2427: 2016 standard \[[@B33-plants-09-01027]\]. The first stage of maturity (E1) was represented by a 25% color change in the covering, where the berries contain mostly green drupes and a few red or pink ones; the second (E2), by a 50% change in the covering color, where the largest number of drupes are deep red and a few are purple; and the third state (E3), by a 100% change in the covering color with purple drupes in its entirety, almost black ([Figure 1](#plants-09-01027-f001){ref-type="fig"}).

2.3. Preparation of Samples {#sec2dot3-plants-09-01027}
---------------------------

The fruits in their different stages of maturity were separated into two parts. The physicochemical characterization was carried out in the first portion in the fresh state; the second portion was packed into plastic bags with closure and stored in a freezer (−12 °C) for subsequent drying by lyophilization. The dried samples were subject to a grinding process in a Retsch model ZM 200 mill (Hann, Germany) then passed through a stainless-steel sieve (1 mm mesh) to ensure a uniform particle size. Finally, the samples were packed in plastic containers with hermetic lids, labeled, and protected from light until the time of carrying out the analysis.

2.4. Physicochemical Analysis {#sec2dot4-plants-09-01027}
-----------------------------

### 2.4.1. Evaluation of Color {#sec2dot4dot1-plants-09-01027}

The color of the berries was determined with a ColorTec-PCM handheld colorimeter (ColorTec, Clinton, NJ, USA), with a measurement angle of 10°, Illuminator D65, and aperture of 8 mm. The chromatic properties of each of the blackberry cultivars were determined using the L\* a\* b\* color method of the CIE (Commission Internationale de l'Eclairage) and were expressed in terms of the L \* lightness, a\* red/green, and b\* blue/yellow coordinates. An amount of 200 g of each cultivar was homogenized in a blender. A volume of 30 mL of each sample was placed in a Petri dish, avoiding the formation of lumps or bubbles. The Petri dish was placed on a white surface and divided into four equal parts. Measurements were performed in triplicate in each quarter and at the center of the plate \[[@B34-plants-09-01027]\].

### 2.4.2. Determination of Total Soluble Solids (TSS) {#sec2dot4dot2-plants-09-01027}

The TSS concentration was determined by refractometry using an ATAGO digital refractometer (Tokyo, Japan), according to the methodology specified by AOAC 2000 \[[@B35-plants-09-01027]\]. Two drops of fruit juice were placed on the prism of the equipment surface, and the percentage of soluble solids was shown directly on the equipment screen, expressed in terms of °Brix.

### 2.4.3. Determination of Titratable Acidity (TA) {#sec2dot4dot3-plants-09-01027}

The TA content of the blackberry cultivars was measured by potentiometric titration with the help of a standardized alkaline solution \[[@B35-plants-09-01027]\]. A total of 30 g of fruit pulp was weighed and washed with distilled water at a volume of 200 mL. Subsequently, 20 mL was placed in a 25 mL beaker and titrated with a 0.1 N NaOH solution until pH 8.2 was reached. The results are reported based on the predominant organic acid in the sample, in this case, citric acid.

### 2.4.4. Maturity Index (MI) {#sec2dot4dot4-plants-09-01027}

The MI of the blackberry cultivars was determined using the relation between the content of total soluble solids (TSS) and the titratable acidity (TA) \[[@B35-plants-09-01027]\]. According to the equation (Equation (1)), where MI: Maturity Index, TSS: Total Soluble Solids (°Brix), and TA: Titratable Acidity (g citric acid/100g).

2.5. Preparation of Extracts of Blackberries {#sec2dot5-plants-09-01027}
--------------------------------------------

The extraction of the phytocomponents was performed using the method proposed by Hue et al. (2014) \[[@B36-plants-09-01027]\]. An amount of 0.3 g of dry sample was placed in 15 mL plastic centrifuge tubes, and 5 mL of a methanol/water/formic acid solution (70:30:0.1 *v*/*v*/*v*) was added. The sample was subject to a shaking extraction process in a vortex (Mistral Multi-Mixer, Melrose Park, IL, USA) for 5 min and subsequently in an ultrasound bath (Cole-Palmer, Chicago, IL, USA) for 10 min. The sample was then centrifuged in a Damon IEC/Division centrifuge (Needham Hts., Needham, MA, USA) for 10 min at 5500 rpm (2706× g). The supernatant was separated and transferred to a 25 mL amber volumetric balloon. This process was repeated three more times and brought to volume with the extraction solution. The same extract was used for the antioxidant activity (AA) determination.

2.6. Quantification of Total Polyphenol Content (TPC) {#sec2dot6-plants-09-01027}
-----------------------------------------------------

TPC quantification was performed by UV-visible spectrophotometry using the method proposed by Samaniego et al. (2020) \[[@B37-plants-09-01027]\]. A volume of 1 mL of diluted extract was placed in a 15 mL test tube; 6 mL of distilled water and 1 mL of Folin--Ciocalteau reagent was added, and the mixture was left to rest for 3 min. Subsequently, 2 mL of 20% Na~2~CO~3~ (*w*/*v*) was added and heated at 40 °C for 2 min. This reaction formed a blue chromophore; its absorbance was measured at 760 nm on a Shimadzu model 2600 spectrophotometer (Shimadzu, Kyoto, Japan). The isolation of the compounds was performed with repeated cycles. Five extraction cycles were necessary to obtain 100% TPC recovery. The TPC quantification was performed by the interpolation of the corresponding absorbance of each sample on a calibration curve made with gallic acid at 0--100 mg gallic acid/L. The curve obtained was y = 0.0109x + 0.0618 (R^2^ = 0.999). The results are expressed as milligrams of gallic acid equivalents per gram of dry sample (mg GAE/g DW).

2.7. Quantification of Total Flavonoid Content (TFC) {#sec2dot7-plants-09-01027}
----------------------------------------------------

TFC was determined by UV-visible spectrophotometry, using the method proposed by Zhishen et al. (1999) \[[@B38-plants-09-01027]\]. A volume of 1 mL of the diluted extract was placed in a 15 mL tube; 4 mL of distilled water was added, and the mixture was homogenized. Then, 0.3 mL of 5% sodium nitrite (*w*/*v*) and 0.3 mL of 10% aluminum chloride (*w*/*v*) were added consecutively, allowing the sample to stand for 5 min after the addition of each reagent. Finally, 2 mL of 1N NaOH was added, and the volume was made up to 10 mL with distilled water. In this reaction a pink chromophore was formed; its absorbance was measured at 490 nm with a Shimadzu model 2600 spectrophotometer (Shimadzu, Kyoto, Japan). The recovery of compounds was performed with repeated cycles. Five extraction cycles were necessary to obtain 100% TFC recovery. The quantification was performed by the interpolation of the corresponding absorbance of each sample on a calibration curve made with (+) - catechin 0--100 100 mg (+) - catechin/L. The curve obtained was y = 0.0022x + 0.0725 (R^2^ = 0.997). The results are expressed as milligrams of catechin equivalents per gram of dry sample (mg cat/g DW).

2.8. Quantification of Total Anthocyanin Content (TAC) {#sec2dot8-plants-09-01027}
------------------------------------------------------

TAC was determined by UV-visible spectrophotometry, following the pH differential methodology proposed by Rapisarda et al. (2000) \[[@B39-plants-09-01027]\]. An amount of 0.3 g of lyophilized sample was placed in a 15 mL centrifuge tube; 5 mL of pH 1.0 buffer (KCl 0.2 N and HCl 0.2 N) was added and stirred in a Mistral Multi-Mixer vortex (Melrose Park, IL, USA) for 5 min then in a Cole-Parmer model 8892 ultrasound bath (Chicago, IL, USA) and finally centrifuged at 5500 rpm for 10 min. The supernatant was separated and transferred to a 25 mL amber volumetric balloon. This procedure was repeated three more times, and the mixture was brought to volume with the pH 1.0 buffer solution. Extraction with pH 4.5 buffer (CH~3~COONa 1M and HCl 1N) was performed using the same methodology. The anthocyanin quantification was performed by measuring the absorbance in the extracts (pH 1.0 and 4.5) at two wavelengths (510 and 700 nm) on a Shimadzu model 2600 spectrophotometer (Shimadzu, Kyoto, Japan). The recovery of the compounds was performed with repeated cycles. Seven extraction cycles were necessary to obtain 100% TAC recovery. The TAC was calculated by the absorbance differences between pH 1.0 and pH 4.5, as described in the equation (Equation (2)):

The TAC results are expressed as milligrams of cyanidin-3-glucoside chloride per gram of dry sample (mg cy-3-glu/g DW).

2.9. Evaluation of Antioxidant Activity by the ABTS Method {#sec2dot9-plants-09-01027}
----------------------------------------------------------

Antioxidant activity (AA) was evaluated by the 2,2-azinobis (3-ethyl-benzothiazoline-6-sulfonic acid) cation bleaching method (ABTS^•+^) following the methodology described by Zambrano et al. (2020) \[[@B40-plants-09-01027]\]. The ABTS^•+^ solution (7 mM) and the potassium persulfate solution (2.45 mM) were mixed in a 1:1 ratio (*v*/*v*). The next day, the absorbance of the previously prepared ABTS^•+^ working solution was measured, and it was diluted with phosphate buffer until obtaining an absorbance of 1.1 ± 0.01 at 734 nm. Volumes of 200 µL of the samples were placed in 15 mL test tubes, and 3.8 mL of the ABTS^•+^ working solution was added. The solution was left to stand for 45 min, and the final absorbance at 734 nm was measured using a Shimadzu model 2600 spectrophotometer (Shimadzu, Kyoto, Japan). The AA of the sample was obtained by interpolating the absorbance in a calibration curve previously elaborated with a Trolox standard (0--800 µmol Trolox/L). The curve obtained was y = 0.0014x + 0.0838 (R^2^ = 0.993). The results are reported as micromoles of equivalent Trolox per gram of dry sample (µmol TE/g of sample DW).

2.10. Evaluation of Antioxidant Activity by Ferric Reducing Power (FRAP) Method {#sec2dot10-plants-09-01027}
-------------------------------------------------------------------------------

The AA of the extracts was measured by the ferric reducing power (FRAP) method following the methodology described by Babu, Gurumurthy, Borra, and Cherian (2013) \[[@B41-plants-09-01027]\]. A volume of 1.0 mL of diluted extract was placed in a 15 mL test tube; 2.5 mL of phosphate buffer at pH 6.6 and 2.5 mL of a 1.0% potassium ferrocyanide solution were added. The mixture was shaken and incubated at 50 °C for 20 min. Subsequently, 2.5 mL of 10% trichloroacetic acid was added along with 2.5 mL of water and 0.5 mL of 1% FeCl~3~. The mixture was homogenized in a vortex (Mistral Multi-Mixer, Melrose Park, IL, USA). Finally, it was left to stand for 30 min in the dark; at this point, a green complex (ferrous chloride--potassium ferrocyanide) was formed, and the absorbance at 700 nm was measured in a Shimadzu model 2600 spectrophotometer (Shimadzu, Kyoto, Japan). The AA of the sample was obtained by the interpolation of the absorbance in a calibration curve previously elaborated with a Trolox standard of 0--800 µmol Trolox/L. The curve obtained was y = 0.0014x + 0.1524, (R^2^ =0.994). The results are expressed as micromoles of equivalent Trolox per gram of dry sample (DW) (µmol TE/g of sample DW).

2.11. Statistical Analysis {#sec2dot11-plants-09-01027}
--------------------------

The results are reported as the mean ± standard deviation (SD) (*n = 3*) of each parameter evaluated in the samples of each cultivar in its respective state of maturity. The investigation was carried out using a completely randomized design in a 4 × 3 factorial arrangement, with 3 repetitions per treatment (*n = 36*). ANOVA one-way analysis of variance was performed to determine significant statistical differences between cultivars and ripening stages. Tukey's test was used at 5% to determine differences between the means of each treatment. Statistical analysis was performed using the Statistica 10.0 software for Windows (Statsoft, Paris, France).

3. Results and Discussion {#sec3-plants-09-01027}
=========================

3.1. Physicochemical Analysis {#sec3dot1-plants-09-01027}
-----------------------------

### 3.1.1. Determination of Color {#sec3dot1dot1-plants-09-01027}

Physicochemical characterization of the fruits was carried out in order to evaluate their state of maturity and their relationship with color, since the sampling was carried out in a subjective way (visually) according to the color table of fruit coating \[[@B33-plants-09-01027]\]. Kalt et al. (1995) \[[@B42-plants-09-01027]\] have described that the color is related to the state of maturity due to the accumulation of pigments and the variation of the content of sugars and organic acids in the fruits. [Table 1](#plants-09-01027-t001){ref-type="table"} shows the color coordinate values determined by the CIE L\* a\* b\* method.

The four blackberry cultivars show high variability in the colorimetric coordinates a\* (red) and b\* (blue). These elements, together, contribute to the hue of these berries. The values of lightness (L\*) define the intensity of the colors of the samples; the lightness of the fruit pulp tends to decrease as its maturation progresses \[[@B34-plants-09-01027]\]. For example, for the Colombiana variety, the values (L\*) were E1-25% (66.87 ± 2.92), E2-50% (45.07 ± 3.57), and E3-100% (19.73 ± 0.59). The color changed from a yellow trend in the E1---25% state (high values of b\* between 19.60 ± 6.83 and 24.04 ± 0.83) to a reddish hue in the E2-50% state (values of a\* between 16.74 ± 2.15 and 20.56 ± 0.82) and ends with a purple hue in the state of maturity E3-100% (values of a\* between 11.78 ± 0.75 and 17.87 ± 2.56 and values of b\* between 6.29 ± 2.83 and 8.58 ± 1.83). This trend agrees with the trends reported by Tosun, Ustun, and Tekguler (2008) \[[@B43-plants-09-01027]\]. These results confirm that the state of maturity of the samples is related to the color of the fruit; when the ripening process progresses, it tends to produce a reddish to purple coloration, due to the accumulation of anthocyanins in the fruits ([Figure 2](#plants-09-01027-f002){ref-type="fig"}).

Llerena et al. (2019) \[[@B34-plants-09-01027]\] described the color analysis in three fruits grown in Ecuador (tree tomato, naranjilla, and arazá). They found a correlation between the color and the content of phytocompounds such as polyphenols, anthocyanins, and carotenoids. When the green color attributed to the degradation of the chlorophyll structure is lost, the biosynthesis of pigments such as carotenoids and anthocyanins takes place conferring the orange, red, and violet colorations \[[@B44-plants-09-01027]\]. In [Figure 2](#plants-09-01027-f002){ref-type="fig"}, the distinction of the three-color tones according to the state of maturity can be observed, confirming that the samples were collected correctly, allowing a study of the content of phytocomponents during the maturation process.

### 3.1.2. Total Soluble Solids (TSS), Titratable Acidity (TA), and Maturity Index (MI) {#sec3dot1dot2-plants-09-01027}

In [Table 2](#plants-09-01027-t002){ref-type="table"}, the results of the TSS and TA determination are presented. The maturity index was established and compared to the color status of the coating (E1-25%, E2-50%, and E3-100%) of the fruits of the four cultivars. It was observed that as the color of the fruit changed from yellow to purple during the ripening process, the sugar content increased in the different stages of maturity and the acidity decreased. For example, TSS increases in content for the blackberry Brazos cultivar for E1-25% (6.32 ± 0.13 °Brix), E2-50% (7.07 ± 0.03 °Brix), and E3-100% (9.81 ± 0.08 °Brix), while TA decreases in the four cultivars. For the cultivar Brazos, the TA values for E1-25% (3.56 ± 0.04%), E2-50% (2.68 ± 0.03%), and E3-100% (1.58 ± 0.03%) were found. Farinango (2010) describes this same phenomenon in his study with an increase in TSS and a decrease in TA as the fruit matures. The TSS increased from 6.00 ± 0.39 to 8.62 ± 0.50 °Brix for the Brazos variety, and an increase from 7.78 ± 0.37 to 11.30 ± 0.68 °Brix for the cultivar Castilla was observed. The TA exhibited a decrease (2.46 ± 0.19 to 1.61 ± 0.10) for the Brazos variety \[[@B45-plants-09-01027]\].

Horvitz, Chanaguano, and Arozarena, (2017) described the same behavior for the commercial blackberry variety of Castilla---an increase in TSS and a decrease in TA as the fruit matures, with values of TSS (9.63 ± 0.69 to 11.00 ± 1.67 °Brix) and TA (3.80 ± 0.05 to 2.78 ± 0.21%) for the maturity stages 3 and 5, respectively \[[@B26-plants-09-01027]\]. The analysis of variance (ANOVA) showed that there is an effect of the cultivar and the state of maturity on the content of TSS and TA (*p* \< 0.05).

The correlation analysis between the MI obtained in the laboratory (TSS/TA ratio) and the state of maturity at which the fruit was harvested (defined by the color change in the covering) allowed establishing that there is a high correlation between these two parameters. The correlation coefficients were (r2) 0.989, 0.994, 0.987, and 0.995 for the blackberry Brazos, Colombiana, Castilla, and Andimora cultivars, respectively. These values demonstrate that the samples were harvested at the appropriate maturity stage to evaluate the content of antioxidants during the maturation process of the four blackberry cultivars.

The Ecuadorian standard NTE INEN 2427:2016 \[[@B33-plants-09-01027]\] establishes the minimum limits for TSS and maximum limits for TA for commercial blackberry varieties from Castilla and Brazos. The minimum TSS values were 9.0 °Brix for the Castilla variety and 7.0 °Brix for the Brazos variety. The maximum allowed TA values for the Castilla variety are 2.70% and 2.10% citric acid for the blackberry Brazos variety. The results obtained in this TSS and TA study of the blackberry Castilla and Brazos varieties are in accordance with the Ecuadorian INEN standard. In the case of the blackberry Andinamora cultivar, the results obtained in this study are comparable to those reported by Brito et al. (2016) \[[@B46-plants-09-01027]\] and Llerena et al. (2019) \[[@B34-plants-09-01027]\]. They reported that during maturation, the TSS of the fruit increased up to 12.60 and 12.69 °Brix, respectively, while the TA decreased to 2.62 and 2.81% citric acid, respectively. On the other hand, the TSS contents obtained in this study are higher than those determined by Vasco et al. (2008) \[[@B47-plants-09-01027]\] for the cultivar of Castilla (11.00 °Brix).

3.2. Total Polyphenol Content (TPC) {#sec3dot2-plants-09-01027}
-----------------------------------

[Table 3](#plants-09-01027-t003){ref-type="table"} shows the TPC values of the four blackberry cultivars studied. The TPC content decreased during the maturation process of the four blackberries cultivars (Brazos, Colombiana, Castilla and Andimora). For example, for the Andimora variety, a variation from E1-25% (76.43 ± 5.98 mg GAE/g DW) to E3-100% (46.19 ± 1.02 mg GAE/g DW) was observed. The highest TPC content was observed in the E1-25% maturity stage. In this maturity stage, the Colombiana cultivar presented the highest TPC content (81.10 mg GAE/g DW), while Brazos exhibited the lowest value (51.26 mg GAE/g DW). However, in the E3-100% state, Andimora was observed to have the highest TPC content (46.19 mg GAE/g DW). In terms of percentage, the TPC content decreased by 38.37%, 44.29%, 19.45%, and 39.57% for the blackberry Brazos, Colombiana, Castilla, and Andimora cultivars, respectively.

The results obtained showed that the TPC content decreased significantly from the E1-25% state of maturity to E2-50% but slightly varied between the E2-50% and E3-100% states. The analysis of variance (ANOVA) of the results established that there is an effect of the state of maturity on the TPC content (*p* \< 0.05); this effect is generated as a consequence of the biochemical reactions in the fruit, since phenolic acids are more abundant in the early stages of fruit development, that is, in green fruits. Wang and Lin (2000) \[[@B18-plants-09-01027]\] have described that the TPC decreases with increasing ripening, reflecting a higher content in the first state represented by the green color of the fruit. On the other hand, the analysis of variance (ANOVA) of the results established that there is an effect of the cultivar on the TPC content (*p* \< 0.05), confirming the studies carried out by Bernal et al. (2014) who reported that the content of TPC varies in cultivars of the same genus Rubus. These differences are associated with the genetic characteristics of each cultivar and post-harvest conditions \[[@B11-plants-09-01027]\].

Additionally, the results obtained allowed it to be established that in the edible maturity stage, E3-100% of color change in coating, the TPC content was 31.59 ± 1.03, 45.18 ± 0.97, 44.68 ± 2.28, and 46.19 ± 1.02 mg GAE/g DW for the blackberry Brazos, Colombiana, Castilla, and Andimora cultivars, respectively. These results are within the range reported by Kaume et al. (2012) for the TPC content in both commercial and native blackberries, whose values vary between 1.14 and 10.56 mg GAE/g FW (9.56 and 89.76 mg GAE/g DW) \[[@B48-plants-09-01027]\] For the blackberry Castilla cultivar, the results obtained are within the range obtained by Mertz et al. (2009) \[[@B49-plants-09-01027]\] and Garzón et al. (2009) \[[@B25-plants-09-01027]\] for TPC in this cultivar (23.40 to 63.00 mg GAE/g DW). In the cultivar Andinamora, the results obtained are lower than those reported by Llerena et al. (2014) (63.52 mg GAE/g DW) \[[@B50-plants-09-01027]\].

3.3. Total Flavonoid Content (TFC) {#sec3dot3-plants-09-01027}
----------------------------------

[Table 3](#plants-09-01027-t003){ref-type="table"} shows the blackberry cultivar TFC content results. The TFC content decreased with the ripening process of the fruits in the four cultivars tested. In the Andimora variety a variation from E1-25% (14.20 ± 0.79 mg cat/g DW) to E3-100% (10.75 ± 0.64 mg cat/g DW) was observed. In the mature state E2-25% (coating color change), the highest TFC content was obtained in the four blackberry cultivars. In this state of maturity, the Colombiana cultivar presented the highest TFC content with 19.15 ± 0.77 mg cat/g DW, followed by blackberry Andimora with 14.20 ± 0.79, blackberry Brazos with 13.76 ± 0.11, and blackberry Castilla with 11.19 ± 0.94 mg cat/g DW. The TFC content decreased by 41.71%, 35.77%, 9.65%, and 24.30% for the blackberry Brazos, Colombiana, Castilla, and Andimora cultivars, respectively.

In the state of complete maturity E3 (100% change of color in the coating), TFC contents of 12.30 ± 0.63, 10.75 ± 0.64, 10.11 ± 0.14, and 8.02 ± 0.50 mg Cat/g DW were obtained for the blackberry Colombiana, Andinamora, Castilla, and Brazos cultivars, respectively ([Table 3](#plants-09-01027-t003){ref-type="table"}). These results are similar to those obtained by Armijos (2018), who reported that the TFC content in the Andean blackberry from three locations in Ecuador varied within the range of 1.20 to 1.35 mg cat/g FW (12.00 to 13.50 mg cat/g DW) \[[@B51-plants-09-01027]\]. The analysis of variance (ANOVA) of the results established that there is an effect of the state of maturity and cultivar on the content of total flavonoids (*p* \< 0.05), confirming that TFCs tend to decrease as the state of fruit maturity progresses due to the balance between biosynthesis and metabolism. Flavonoids are, in turn, in lower concentrations since they are part of the TPC, and their content also varies depending on the type of cultivar.

3.4. Total Anthocyanin Content (TAC) {#sec3dot4-plants-09-01027}
------------------------------------

[Table 3](#plants-09-01027-t003){ref-type="table"} shows the blackberry cultivars' TAC content. The TAC content increased during the maturation process. For the Brazos blackberry cultivar, the TAC content increased from 0.67 ± 0.50 to 8.63 ± 12.59 mg cy-3-glu/g DW; for the blackberry Colombiana cultivar, from 0.40 ± 2.29 to 12.26 ± 53.05 mg cy-3-glu/ g DW; for the blackberry cultivar of Castilla, from 1.02 ± 7.50 to 10.89 ± 104.23 mg cy-3-glu/g DW; and for the blackberry cultivar of Andimora, from 1.11 ± 2.32 to 9.26 ± 28.81 mg cy-3-glu/g DW. At the E3-100% maturity stage (100% coating color turn), the blackberry Colombiana cultivar exhibited the highest TAC content (12.26 ± 53.05 mg cy-3-glu/g DW), while the blackberry Brazos cultivar showed the lowest value (8.63 ± 12.59 mg cy-3-glu/g DW). The analysis of variance (ANOVA) of the results established that there is an effect of the state of maturity and cultivar on the TAC content (*p* \< 0.05). These results confirm studies reported by Häkkinen (2000). These types of biomolecules are synthesized during the ripening process; in the case of red fruits, an accumulation of anthocyanins occurs at the end of their maturity stage \[[@B24-plants-09-01027]\]. The TAC concentration obtained in the four cultivars at the stage of full maturity E3-100% was much higher than that obtained by Garzón et al. (2009) \[[@B25-plants-09-01027]\] in the species *Rubus glaucus* and Ivanovic et al. (2014) with the species Rubus fruticosus, corresponding to 3.79 and 1.15 mg cy-3-glu/g DW, respectively \[[@B52-plants-09-01027]\]. On the other hand, the Andimora cultivar in this mature state had an TAC content of 9.26 ± 28.81 mg cy-3-glu/g DW, a lower result than that reported by Llerena et al. (2014) (14.16 ± 158.71 mg cy-3-glu/g DW) \[[@B50-plants-09-01027]\].

3.5. Antioxidant Activity (AA) {#sec3dot5-plants-09-01027}
------------------------------

### 3.5.1. Evaluation of Antioxidant Activity by the ABTS Method {#sec3dot5dot1-plants-09-01027}

The results obtained in the AA evaluation by the ABTS method for the four blackberry cultivars at three different stages of maturity are presented in [Table 4](#plants-09-01027-t004){ref-type="table"}. The results show that, during the ripening of the fruit, the AA decreased in the four blackberry cultivars. For example, the AA decreased from E1-25% (630.61 ± 20.66 µmol TE/g DW) to E3-100% (344.42 ± 4.05 µmol TE/g DW) for the blackberry Brazos cultivar. This decrease represented 45.38% in the Brazos cultivar, 54.44% in the Colombiana cultivar, 6.18% in the Castilla cultivar, and 36.21% in the Andimora cultivar. The blackberry Colombiana and Andimora cultivars showed the highest AA in the E2-50% state at 1278.63 ± 141.14 and 929.30 ± 40.95 µmol TE/g DW, respectively. In the fully mature stage, the cultivars of Castilla and Andinamora presented the highest values, (658.28 ± 31.30 and 592.76 ± 25.37 µmol TE/g DW, respectively).

The results of statistical analysis show that there is an effect of the state of maturity and cultivar on AA (*p* \< 0.05), confirming that there is a significant decrease in AA during fruit ripening in the four cultivars. These results agree with those reported by Garzón et al. (2009) \[[@B25-plants-09-01027]\], who reported that there is a decrease in AA for the Brazos blackberry cultivar from 711.91 to 531.62 µmol TE/g DW and from 762.02 to 559.25 µmol TE/g DW for blackberries from Castilla during the ripening process. In E3-100%, the AA value obtained by the ABTS method for the cultivar of Castilla (658.28 ± 31.30 µmol TE/g DW) was higher than that reported by Vasco et al. (2008) \[[@B47-plants-09-01027]\] and similar to that obtained by Garzón et al. (2009) \[[@B25-plants-09-01027]\], which were 464.10 µmol TE/g DW and 559.25 µmol TE/g DW, respectively.

### 3.5.2. Evaluation of Antioxidant Activity by the FRAP Method {#sec3dot5dot2-plants-09-01027}

[Table 4](#plants-09-01027-t004){ref-type="table"} shows the results for the AA evaluated by the ferric reducing power (FRAP) method for the four blackberry cultivars. The AA values measured using the FRAP method decreased during fruit ripening in the four cultivars studied. For example, the AA decreased from 717.13 ± 43.18 to 338.43 ± 28.85 µmol TE/g DW in the Brazos cultivar. This decrease represented 52.81% for the Brazos cultivar, 56.16% for the Colombiana cultivar, 28.90% for the Castilla cultivar, and 41.70% for the Andimora cultivar of antioxidant loss. The analysis of variance (ANOVA) of the results established that there is an effect of the state of maturity and cultivar on the AA according to the FRAP method (*p* \< 0.05).

The results obtained for E3-100% in the cultivars of *Rubus glaucus* Benth were higher than those obtained by Schulz et al. (2019) \[[@B53-plants-09-01027]\] in *Rubus ulmifolius*, who obtained 241.06 μmol Fe ^+2^/g DW, and lower than those obtained by Armijos (2018) \[[@B51-plants-09-01027]\], who reported AA values according to ABTS of 98.23 to 109.45 µmol Trolox/g FW ( 884.07 to 985.05 µmol Trolox/g DW), in Andean blackberries from different locations in Ecuador. Vasco et al. (2008) \[[@B47-plants-09-01027]\] reported AA values according to this method of 6.2 mmol Trolox/100g FW (corresponding to 523.21 µmol Trolox/g DW) for the blackberry of Castilla (*Rubus glaucus* Benth) in its mature edible state. This is a value similar to those obtained in the present investigation for the state E3-100% for the blackberry of Castilla (548.23 ± 45.29 µmol TE/g DW) and blackberry Colombiana cultivar (563.08 ± 6.48 µmol TE/g DW) and lower than that obtained for the blackberry Andimora cultivar (655.43 ± 29.17 µmol TE/g DW).

Finally, a Pearson correlation analysis was performed with the antioxidant activity data measured by the ABTS and FRAP methods of the four blackberry cultivars at the three stages of maturity. The Pearson correlation analysis shows a significant correlation between TPC and AA/ABTS with r = 0.86, and TFC and AA/ABTS with r = 0.92. Significant correlations of TPC (r = 0.94) and TFC (r = 0.88) with AA/FRAP were observed. The blackberry cultivars' AAs have good correlation with the TPC and TFC components.

4. Conclusions {#sec4-plants-09-01027}
==============

The state of the maturity of the fruits is used as a quality criterion for the products reaching the consumer. The state of maturity can also be used to predict the possible content of secondary metabolites with antioxidant capacity such as polyphenols, flavonoids, and anthocyanins. In the four blackberry cultivars tested, as the maturity stage advanced, there was a reduction in the content of phytochemical components and a reduction in the antioxidant activity. As the blackberries of the four cultivars matured, the TSS content increased and the TA content decreased. The highest contents of TPC, TFC, and AA were observed in the E1-25% state, which constitutes an initial stage of maturation. However, the fruit is not edible in this state.

The blackberry cultivars presenting the highest AA were the Colombiana and Andimora blackberry cultivars; both correspond to the species Rubus glaucus (without spines) and descendants of the blackberry cultivar from Castilla. The TAC content increased significantly during the maturation process until reaching its maximum in the E3-100% state (full maturation), and the Colombiana blackberry and Castilla blackberry cultivars stood out. These results indicate that including fruits such as blackberries in the diet may allow access to significant amounts of compounds with antioxidant capacity. This could have a preventive effect against certain diseases. Blackberries can be used to develop natural extracts with antioxidant capacity and be used in the food industry.
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![Photographs of blackberry (Rubus glaucus Benth) cultivars from Ecuador in different stages of maturity: (**a**) Blackberry Castilla variety, (**b**) Blackberry INIAP Andimora-2013 variety, (**c**) Blackberry Colombiana variety, and (**d**) Blackberry Brazos variety.](plants-09-01027-g001){#plants-09-01027-f001}

![Color coordinates (method CIE L\*a\*b\*) of four blackberry cultivars for three-maturity-stage fruits.E1 (E1-25%), E2 (E2-50%) and E3 (E3-100%).](plants-09-01027-g002){#plants-09-01027-f002}

plants-09-01027-t001_Table 1

###### 

Commission Internationale de l'Eclairage (CIE) (L\* a\* b\*) color coordinates in four blackberry cultivars grown in Ecuador.

  Cultivar     Maturity Stage   Color                                                       
  ------------ ---------------- -------------- -------------- -------------- -------------- --------------
  Brazos       E1-25%           65.76 ± 2.27   4.98 ± 0.81    24.04 ± 0.83   24.55 ± 0.98   11.67 ± 1.48
  E2-50%       52.50 ± 3.20     16.74 ± 2.15   14.57 ± 5.83   22.38 ± 0.67   49.00 ± 7.02   
  E3-100%      20.85 ± 0.60     12.05 ± 0.10   6.97 ± 0.98    13.93 ± 2.58   59.99 ± 4.47   
  Colombiana   E1-25%           66.87 ± 2.92   6.11 ± 2.19    19.94 ± 2.83   20.96 ± 0.47   17.20 ± 8.19
  E2-50%       45.07 ± 3.57     19.66 ± 0.95   10.79 ± 4.83   22.45 ± 0.65   61.20 ± 8.97   
  E3-100%      19.73 ± 0.59     11.78 ± 0.75   6.29 ± 2.83    13.37 ± 0.45   61.88 ± 3.21   
  Castilla     E1-25%           64.52 ± 2.46   7.12 ± 1.66    21.58 ± 5.83   22.77 ± 1.06   18.31 ± 0.79
  E2-50%       40.84 ± 4.08     20.56 ± 0.82   12.89 ± 3.85   24.27 ± 1.40   57.93 ± 1.28   
  E3-100%      23.95 ± 1.48     14.60 ±1.83    7.45 ± 2.83    16.39 ± 0.22   62.97 ± 1.85   
               E1-25%           64.21 ± 2.56   8.39 ± 2.71    19.60 ± 6.83   21.47 ± 0.68   23.23 ± 2.76
  Andinamora   E2-50%           50.49 ± 4.25   20.39 ± 1.06   11.32 ± 3.83   23.33 ± 2.09   61.00 ± 1.28
               E3-100%          29.01 ± 3.80   17.87 ± 2.56   8.58 ± 1.83    19.82 ± 2.84   64.34 ± 0.77

Results are expressed as mean ± standard deviation (SD) (*n = 3*).

plants-09-01027-t002_Table 2

###### 

Physicochemical analysis of four blackberry cultivars.

  ------------------------------------------------------------------------------------------------------------------------
  Cultivar     Maturity\       Soluble Solids\   Titratable Acidity\   Maturity Index\                               
               Stage           (°Brix)           (% Citric Acid)       (TSS/TA)                                      
  ------------ --------------- ----------------- --------------------- ----------------- ------------- ------------- -----
  Brazos       E1-25%          6.32 ± 0.13       Cg                    3.56 ± 0.04       Acd           1.77 ± 0.05   Cd

  E2-50%       7.07 ± 0.03     Bf                2.68 ± 0.03           Bf                2.64 ± 0.02   Bc            

  E3-100%      9.81 ± 0.08     Ac                1.58 ± 0.03           Cg                6.21 ± 0.18   Aa            

  Colombiana   E1-25%          6.23 ± 0.19       Cg                    3.98 ± 0.11       Abc           1.57 ± 0.08   Cde

  E2-50%       8.36 ± 0.250    Bd                3.25 ± 0.10           Bde               2.57 ± 0.13   Bc            

  E3-100%      11.00 ± 0.131   Ab                2.82 ± 0.11           Cef               3.91 ± 0.18   Ab            

  Castilla     E1-25%          6.08 ± 0.08       Cg                    5.28 ± 0.15       Aa            1.15 ± 0,03   Ce

  E2-50%       7.64 ± 0.08     Be                4.27 ± 0.23           Bb                1.79 ± 0.10   Bd            

  E3-100%      12.26 ± 0.31    Aa                3.19 ± 0.19           Cde               3.86 ± 0.30   Ab            

  Andinamora   E1-25%          6.19 ± 0.12       Cg                    4.95 ± 0.26       Aa            1.25 ± 0.05   Ce

  E2-50%       7.47 ± 0.18     Bef               4.23 ± 0.23           Bb                1.77 ± 0.10   Bd            

  E3-100%      12.14 ± 0.12    Aa                2.96 ± 0.27           Cef               4.12 ± 0.33   Ab            
  ------------------------------------------------------------------------------------------------------------------------

Results are expressed as mean ± standard deviation (SD) (*n* = 3). Capital letters indicate significant differences between states of maturity (*p* \< 0.05). Lowercase letters indicate significant differences found between cultivars (*p* \< 0.05) using the ANOVA one-way analysis followed by Tukey's test.

plants-09-01027-t003_Table 3

###### 

Effect of maturity stage on total polyphenol content (TPC), total flavonoid content (TFC), and total anthocyanin content (TAC) of four blackberry cultivars of Ecuador.

  ----------------------------------------------------------------------------------------------------------------------
  Cultivar     Maturity Stage   TPC\            TFC\            TAC\                                               
                                (mg GAE/g DW)   (mg Cat/g DW)   (mg cy-3-glu/g DW)                                 
  ------------ ---------------- --------------- --------------- -------------------- --------------- ------------- -----
  Brazos       E1-25%           51.26 ± 2.46    Abcd            13.76 ± 0.11         Abc             0.67 ± 0.50   Cf

  E2-50%       38.16 ± 1.64     Bfg             11.19 ± 0.21    Bdef                 1.21 ± 4.29     Bef           

  E3-100%      31.59 ± 1.03     Bg              8.02 ± 0.50     Bg                   8.63 ± 12.19    Ac            

  Colombiana   E1-25%           81.10 ± 4.44    Aa              19.15 ± 0.77         Aa              1.40 ± 2.29   Cef

  E2-50%       52.51 ± 2.92     Bbce            12.64 ± 1.00    Bbcf                 2.95 ± 5.13     Bd            

  E3-100%      45.18 ± 0.97     Bdef            12.30 ± 0.63    Bcdf                 12.26 ± 5.30    Aa            

  Castilla     E1-25%           55.47 ± 1.34    Ab              11.19 ± 0.94         Adef            1.02 ± 7.50   Cf

  E2-50%       42.89 ± 2.16     Bef             10.89 ± 0.94    Bdef                 2.55. ± 20.95   Bd            

  E3-100%      44.68 ± 2.28     Bdef            10.11 ± 0.14    Be                   10.89 ± 10.23   Ab            

  Andimora     E1-25%           76.43 ± 3.98    Aa              14.20 ± 0.79         Ab              1.11 ± 2.32   Cef

  E2-50%       42.86 ± 1.60     Bef             12.59 ± 0.24    Bbcf                 2.16 ± 1.62     Bde           

  E3-100%      46.19 ± 1.02     Bcde            10.75 ± 0.64    Bde                  9.26 ± 28.81    Ac            
  ----------------------------------------------------------------------------------------------------------------------

Results are expressed as mean ± standard deviation (SD) (*n = 3*). Capital letters indicate significant differences between states of maturity (*p* \< 0.05). Lowercase letters indicate significant differences found between cultivars (*p* \< 0.05) using the ANOVA one-way analysis followed by Tukey's test.

plants-09-01027-t004_Table 4

###### 

Antioxidant activity of four blackberry cultivars from Ecuador.

                                Antioxidant Activity                                      
  ------------ ---------------- ---------------------- ---------------- ----------------- -----
  Brazos       E1-25%           630.61 ± 20.66         Ad               717.13 ± 43.18    Acd
  E2-50%       550.67 ± 39.66   Bd                     546.03 ± 21.33   Be                
  E3-100%      344.42 ± 4.05    Be                     338.43 ± 28.85   Cf                
  Colombiana   E1-25%           1278.63 ± 14.14        Aa               1284.55 ± 62.80   Aa
  E2-50%       793.88 ± 47.70   Bbc                    825.29 ± 51.55   Bc                
  E3-100%      582.59 ± 23.45   Bd                     563.08 ± 6.48    Ce                
  Castilla     E1-25%           701.62 ± 38.50         Acd              771.05 ± 34.24    Ac
  E2-50%       660.40 ± 45.00   Bcd                    721.92 ± 23.08   Bcd               
  E3-100%      658.28 ± 31.30   Bcd                    548.23 ± 45.30   Ce                
  Andimora     E1-25%           929.30 ± 40.95         Ab               1124.22 ± 60.33   Ab
  E2-50%       581.15 ± 8.12    Bd                     795.29 ± 10.07   Bc                
               E3-100%          592.76 ± 25.37         Bd               655.43 ± 29.17    Cde

Results are expressed as mean ± standard deviation (SD) (*n = 3*). Capital letters indicate significant differences between states of maturity (*p* \< 0.05). Lowercase letters indicate significant differences found between cultivars (*p* \< 0.05) using the ANOVA one-way analysis followed by Tukey's test.
